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Abstract—The design is presented for an all-metal wide-band
disk-loaded gyro-TWT amplifier capable of continuous wave
(CW) operation that is predicted to generate an output power
of 55–75 kW with 30-dB gain and a bandwidth of 20%. The
device will employ a magnetron injection gun to produce a 95-
kV 5-A electron beam with v?=vz = 0:6 and vz=vz = 4%. The
low dispersion of the periodically loaded rectangular waveguide
circuit is predicted by an analytical theory and verified by the
eigenmode algorithm of the particle-in-cell code, MAGIC. The
concept will be tested in a pulsed, proof-of-principle experiment
in the X-band. Except for the disk-loaded interaction circuit
and transition, the hardware for the new device was previously
employed in a dielectric-loaded wideband gyro-TWT, including
the 0-dB E-plane-bend couplers and magnetron injection gun.
Index Terms—Disk-loaded, electron beam, gyro-TWT, low dis-
persion, magnetron injection gun, MAGIC, periodically loaded
circuit, wide-band amplifier.
I. INTRODUCTION
THERE is considerable interest in increasing the band-width of high-power microwave and millimeter am-
plifiers. The gyrotron traveling wave amplifier (gyro-TWT)
[1]–[3], in which an electromagnetic wave is amplified at
a harmonic of the electron cyclotron frequency through the
cyclotron maser instability driven by the transverse velocity
of an electron beam, has emerged as an extremely promising
device. A gyro-TWT has significantly higher power-handling
capability than conventional linear-beam traveling wave tube
(TWT) amplifiers employing extremely small fragile slow-
wave structures, due to the oversized waveguide circuit sup-
porting its fast-wave interaction . Significant ad-
vances have recently been achieved in stabilizing gyro-TWT’s.
High output power with good amplifier stability has been
achieved by either adding lossy material to the circuit [4] or
operating at a harmonic of the cyclotron frequency [5]. Gyro-
TWT amplifiers have generated 120 kW at the first harmonic
[6], [7] and 210 kW at the second harmonic [8]. However,
the relatively narrow bandwidth of a conventional gyro-TWT
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is an important limitation. The typical saturated bandwidth of
3% is due to the dispersion of the interaction circuit.
One method to increase the bandwidth of a gyro-TWT
amplifier is to connect in series several interaction sections
with different center frequencies. The total bandwidth is then,
in principle, the sum of the disparate bandwidths of each
section. This method is employed in a tapered gyro-TWT
[9], where both the magnetic field and circuit are varied to
produce synchronism of the electrons with the wave in separate
regions for different frequencies. By employing a precision
automated solenoid/power supply system, a recent severed
two-stage tapered gyro-TWT amplifier experiment at 35 GHz
yielded a peak power of 10 kW with 16% efficiency, 26-dB
saturated gain and a bandwidth of 20% [10]. Another approach
for increasing the bandwidth of a gyro-TWT amplifier is
to reduce the dispersion of its interaction circuit. The ideal
electromagnetic dispersion relation for wideband amplification
would be for it to match the Doppler-shifted electron cyclotron
resonance condition
(1)
for all positive , where and are the wave’s frequency
and propagation constant, respectively, is
the relativistic electron cyclotron frequency, and
is the relativistic Lorentz factor in terms
of the axial and transverse electron velocities and ,
respectively. Such a low-dispersion circuit can be realized, in
part, by loading the waveguide with dielectric or corrugating
the waveguide’s wall. A dielectric-loaded wide-band gyro-
TWT amplifier experiment recently yielded a peak output
power of 55 kW with 11% efficiency, 27-dB saturated gain,
and an unprecedented untapered gyro-TWT constant-drive
bandwidth of 11% and saturated bandwidth exceeding 14%
[11]–[13]. The single-stage amplifier was also completely
zero-drive stable. However, there were indications that there
was some charging of the dielectric.
To avoid the problems of dielectric charging and heating,
an all-metal circuit should be employed [13]. The reduced
dispersion of a dielectric-loaded circuit is also shared by a
periodic disk-loaded waveguide [14], [15]. The broad grazing
intersection that can result from a periodically-loaded gyro-
TWT is displayed in Fig. 1 along with the considerably
narrower intersection in a conventional unloaded gyro-TWT. A
view of an all-metal wideband gyro-TWT amplifier is shown
in Fig. 2. The interaction circuit is a rectangular waveguide
loaded periodically with disks along its narrow sidewalls.
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Fig. 1. Dispersion diagram of a wide-band gyro-TWT showing the in-
tersection of the cyclotron resonance line (dashed line) with a periodic
electromagnetic mode (unbroken line) and an unloaded mode (dotted line)
(` = 1:5 cm, !a=2 = 1:5 GHz, !m=2 = 10 GHz, !c=2 = 8:67 GHz,

c=2 = 7:65 GHz).
Fig. 2. Three-dimensional schematic of an electron beam injected along the
magnetic field lines into the disk-loaded wide-band gyro-TWT amplifier.
Similar disk-loaded structures in circular waveguide have
been employed in coupled-cavity TWT amplifers and radio
frequency (RF) linear accelerators for several decades. An
all-metal circuit can handle a significantly higher thermal
loading than a dielectric-loaded waveguide. The disk-loaded
circuit for a proof-of-principle all-metal wide-band gyro-TWT
experiment is described herein. The new amplifier has been
designed to operate with the same parameters as the dielectric-
loaded gyro-TWT.
This paper is organized as follows. A qualitative pro-
cedure for the design of a periodically loaded wide-band
gyro-TWT is described in Section II. Using the analytical
dispersion relation derived in the Appendix, the parametric
dependence of the disk-loaded circuit’s dispersion is discussed
in Section III. A proof-of-principle amplifier experiment is
described in Section IV, including the microwave input/output
couplers and transitions, and the magnetron injection gun
(MIG). A summary is given in Section V.
II. PERIODIC CIRCUIT FOR BROAD BANDWIDTH
A qualitative design procedure for a periodically loaded
wide-band gyro-TWT is outlined here that considers the dy-
namics of the interaction. Using Flouquet’s Theorem, the
dispersion relation of the modes in a periodic circuit can be
found to approximately be of the form
(2)
where is the period of the corrugation, is the center
frequency of the operating mode’s passband, and is the
amplitude of the frequency-space modulation. For broad-band
operation, the cyclotron resonance line [(1)] should graze (be
tangent to) the electromagnetic mode at the inflection point,
where and , which occurs if the electron
beam’s axial velocity is equal to the wave’s group velocity
as specified by
(3)
A sample wideband dispersion diagram satisfying (3) is shown
in Fig. 1. Notice that, as desired, the cyclotron resonance
line is tangent to the electromagnetic dispersion curve over
a wide range of frequencies. By approximating the amplifier’s
bandwidth to be equal to , the relation between the
bandwidth and the beam’s axial velocity is found to be
(4)
In order that the amplified waves not be heavily damped, it
is highly desirable to operate in the fast-wave region, which
leads to the second design condition
(5)
Using the limit specified by (5), the achievable bandwidth
determined by (4) becomes
(6)
This expression shows that a high value of axial velocity
is necessary for a broad bandwidth. The bandwidth of a
periodically loaded fast-wave gyro-TWT has been found here
to be potentially as wide as 45% for an electron beam
with , which is satisfied by a 100-kV beam
with . However, this analysis assumed that the
amplitude of the frequency-space modulation could be
arbitrarily chosen. It is still necessary to design the circuit
with the desired value of .
III. TE MODE IN DISK-LOADED WAVEGUIDE
The geometry of the disk-loaded rectangular gyro-TWT
is shown in Fig. 3. The rectangular waveguide’s width is
represented by and the height by . Metallic disks with an
axial thickness of and a width of are placed periodically
along both narrow walls with an axial period of . The channel
half-width for the propagation of the electron beam is then
and the axial separation of the disks is .
The normal modes in such a waveguide structure are classified
as TE and TM , respectively, depending on whether they
have a magnetic or electric field component in the transverse -
direction [16], [17]. The mode of most interest for a wideband
disk-loaded gyro-TWT is the fundamental TE mode. The
likelihood of oscillation due to competing interactions in other
modes and at other harmonics can thereby be minimized. The
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(a)
(b)
Fig. 3. Schematic of the disk-loaded rectangular waveguide showing (a) an
axial view and (b) a cross-sectional view with a typical electric field profile
of the TEx
10
mode from HFSS (a=b = 0:52; `=b = 1:22; t=b = 0:19).
Fig. 4. Dispersion diagram of the TEx
10
mode in a disk-loaded rectangu-
lar waveguide for several values of the normalized disk period `=b (un-
broken lines) and a representative cyclotron resonance line (broken line,
vz=c = 0:46; 
cb=c = 2:2).
TE mode is similar to the common TE mode of ordinary
rectangular waveguide.
A detailed field analysis of the TE mode in the corru-
gated rectangular waveguide is given in the Appendix. For
fast waves , the fields for the TE mode are
generally the same as the familiar TE mode of conventional
unloaded rectangular waveguide and the TE mode of the
rectangular dielectric-loaded gyro-TWT circuit. The fields are
again independent of . A typical profile of the electric field
for the fundamental TE mode shows in Fig. 3(b) that the
field peaks in the central vacuum region. The interaction will
be strongest for an electron beam close to the center, which
also reduces the possibility of beam interception. However,
the dispersion curve for the disk-loaded circuit is considerably
different than for a conventional unloaded waveguide. The
spatially periodic circuit yields a periodic dispersion diagram
as had been presented in Fig. 1. The dispersion relation is
determined by the vanishing of the determinant of a matrix
which has an infinite number of elements arising from the
spatial harmonics of the periodic structure. To solve for
the waveguide’s dispersion, however, only a finite number
of the lowest order harmonics need be included. As in an
Fig. 5. Dispersion diagram of the TEx
10
mode in a disk-loaded rectangular
waveguide for several values of the normalized channel width a=b (un-
broken lines) and a representative cyclotron resonance line (broken line,
vz=c = 0:46; 
cb=c = 1:6).
Fig. 6. Dispersion diagram of the TEx
10
mode in a disk-loaded rectan-
gular waveguide for several values of the normalized disk thickness t=b
(unbroken lines) and a representative cyclotron resonance line (broken line,
vz=c = 0:46; 
cb=c = 2:2).
unloaded rectangular waveguide with a sufficiently narrow
height, the dispersion relation of the fundamental TE mode
is independent of .
The dispersion relation of the lowest order TE mode for
several values of the normalized corrugation period, , is
shown in Fig. 4. As expected, the dispersion relation exhibits
a periodicity corresponding to the corrugation period. Also, the
width of the passband depends on the period of the corrugation.
Notice that the circuit with yields a potential
bandwidth of 45%. In Fig. 5, the waveguide dispersion is
plotted for different values of the normalized channel half-
width . The waveguide’s lower cutoff frequency increases
as the ratio decreases. For , the dispersion relation
becomes the same as that of the common TE mode in a
regular smooth rectangular waveguide with a cutoff given
by . The effect of the disk’s thickness on the
dispersion relation is shown in Fig. 6. A thicker disk will also
increase the cutoff frequency, as for a narrower channel, but
the overall effects are seen to be different. Varying the disk
thickness is seen to approximately shift the entire dispersion
curve, whereas the channel width has more effect on the lower
cutoff frequency than the upper cutoff.
The particle-in-cell (PIC) code, MAGIC [18], has been em-
ployed to verify the disk-loaded circuit’s analytical solution by
using the eigenmode algorithm to solve for discrete modes of
the circuit. MAGIC uses a rectangular spatial grid to solve for
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Fig. 7. Contour plot of Ey through the xz-plane from MAGIC’s eigenmode
algorithm showing the -mode (12.10 GHz) for one-half of the waveguide
(Table I).
solutions by finite-difference techniques. Since the dispersion
relation, cutoff frequency and fields of the TE mode are
independent of the spatial variable and the waveguide’s
height , the -axis of real space is chosen to be the infinite
-axis of the two-dimensional MAGIC simulations. The
wavevectors of the modes are determined by invoking the
“PERIODIC” command at two positions of and ,
where and is an integer. By defining the
center -plane to be “SYMMETRIC,” the computation time
is reduced by a factor of two without loss of accuracy. One of
the modes found by MAGIC is shown in Fig. 7 for a circuit
whose dimensions correspond to Table I.
This structure has also been analyzed with Hewlett-
Packard’s High Frequency Structure Simulator (HFSS)
electromagnetic design code [19]. HFSS is a fully three-
dimensional code and also uses finite-difference techniques
to solve for solutions, but employs a trapezoidal grid. HFSS
solves for traveling-wave solutions through a finite-length
circuit for any specified frequency, as shown in Fig. 8. The
wave’s propagation constant can be determined from the
wavelength in these plots. By varying the input frequency
over the circuit’s bandwidth, the dispersion diagram can be
found. HFSS also has symmetry planes that can be invoked to
reduce the computation time. For Fig. 8, the circuit had been
quartered with an electric field symmetry about the center
-plane and a magnetic field symmetry about the center
-plane.
IV. WIDE-BAND GYRO-TWT AMPLIFIER EXPERIMENT
An experiment is under construction to realize the tremen-
dous potential for wide bandwidth available from a disk-loaded
circuit. In order to employ the major components from the
dielectric-loaded wideband gyro-TWT experiment, the new
experiment was also designed for the frequency band of
9–11 GHz. To minimize damping due to the beam’s axial
velocity spread, , which is proportional to , the new
TABLE I
DESIGN PARAMETERS FOR THE WIDE-BAND
DISK-LOADED GYRO-TWT AMPLIFIER
amplifier was also similarly designed to operate in the fast-
wave regime where the values of are low. The bandwidth
of the fast-wave interaction that terminates on the light-line
(zero gain) will be proportional to the slope of the cyclotron
resonance line, the electron axial velocity. The necessity
of a large for wide bandwidth was also shown in (6).
Therefore, the device’s bandwidth increases for higher voltage
and lower velocity ratio . Other benefits of a low
value of are that the risk of beam interception is
further reduced and the axial velocity spread is lower, since
for a monoenergetic electron beam, the axial velocity spread
will increase proportionally as . However, since the
interaction strength and efficiency increase with , a
modest value of was chosen for the
new experiment, as had been used in the dielectric-loaded
gyro-TWT.
The design parameters of the proof-of-principle -band
disk-loaded wideband gyro-TWT experiment are given in
Table I. The interaction circuit was designed so that the
dispersion curve of the TE mode is tangent to the electron
beam’s cyclotron resonance line over a wide frequency range.
The uncoupled dispersion diagram for the amplifier is shown in
Fig. 9. The analytical dispersion is plotted together with solu-
tions from MAGIC’s eigenmode algorithm and the HFSS code.
MAGIC and HFSS are both seen to agree with the analytical
theory within 1%. This experiment has been designed such that
experimental components from the previous dielectric-loaded
amplifier can be used with minimal modifications. Because
of the near equivalence of the new circuit’s operating mode
to the mode employed for the dielectric-loaded gyro-TWT
and the correspondence of the operating parameters, the disk-
loaded gyro-TWT is expected to produce a peak power of
55–75 kW with 10–15% efficiency and 30-dB gain, as for the
dielectric-loaded amplifier. The gain may be somewhat lower
than in the dielectric-loaded device because a fraction of the
mode’s energy is distributed over many noninteracting spatial
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Fig. 8. Contour plot of Ey through the xz-plane from HFSS showing a 10.50-GHz wave for one-half of the waveguide (Table I).
Fig. 9. Dispersion diagram of the wide-band disk-loaded gyro-TWT ampli-
fier (Table I) showing the cyclotron resonance line for a 95-kV v?=vk = 0:6
electron beam (broken line) and the TEx
10
mode, as predicted by the analytical
theory (unbroken line), the MAGIC eigenmode algorithm (crosses), and HFSS
(unfilled circles).
harmonics. Fig. 9 indicates the instantaneous bandwidth will
be 20%, which is significantly larger than the bandwidth of
3% for a conventional gyro-TWT. A pulsed 1-kW helix
TWT will drive the test amplifier into saturation.
It is desired that the amplifier remain stable. In any periodic
circuit, the waveguide modes are comprised of an infinite
set of spatial harmonics. These spatial harmonics can lead to
backward-wave oscillation (BWO) in the modes with axial
electric field due to excitation of the electron beam’s space-
charge wave and also harmonic gyro-BWO [20] in the modes
with a transverse electric field. A more complete dispersion
diagram for the amplifier is shown in Fig. 10 that was found
with HFSS by measuring the passbands of higher order modes
through the circuit. A condition for feedback and BWO is for
an electron beam resonance line to intersect a circuit mode
where their slopes have opposite sign. The lowest order mode
with an axial electric field, and therefore appropriate for BWO,
is the TM mode. Oscillation is not expected because the
intersection of this mode with the space-charge resonance
is quite deep in the slow-wave region, leading to strong
evanescence of the fields in the center and strong damping of
the wave due to the axial velocity spread. Gyro-BWO should
not occur at the first harmonic because the intersections are
either near the light-line (no bunching) or in the slow-wave
region, where the wave is damped. The strongest potential
gyro-BWO mode is the excitation of the TE mode at the
second harmonic, but oscillation is not anticipated, since the
second harmonic coupling coefficient is weaker than the first
by a factor of [5], where is the
derivative of the th-order Bessel function of the first type.
However, these gyrotron and conventional backward-wave
oscillations could destabilize the amplifier and might need to
be suppressed. The initial experiment will be performed with
a single interaction section. If oscillation occurs, the circuit
Fig. 10. Dispersion diagram of the operating mode (intersection of unbro-
ken curves) and possible oscillating modes for the wideband disk-loaded
gyro-TWT amplifier (Table I) showing the light-lines, first and second har-
monic cyclotron, space charge resonance lines (s = 0, the plasma frequency
has been set to zero for simplicity), and the lowest order modes of the circuit.
will be rebuilt with a sever. Frequency selective loss buttons
as employed in coupled-cavity TWT’s are another available
technique.
For the single-section unsevered disk-loaded gyro-TWT am-
plifier proof-of-principle experiment, well matched input and
output transitions from the disk-loaded interaction waveguide
to the external circuit are required to avoid oscillation that can
result when the gain exceeds the round trip return loss. The
disk-loaded gyro-TWT will employ the same input and output
couplers used in the dielectric-loaded device [12]. The input
coupler is simply an -plane bend of standard rectangular
waveguide. The third arm of the tee-coupler is a beam tunnel
for propagation of the electron beam. Its radius is chosen so
that the cutoff frequency of the lowest order mode (TE ) is
below the cutoff frequency of the interaction circuit’s operating
mode. This structure has been designed and analyzed with
HFSS. A coupling efficiency of 98–99% ( and
, where the parameters are ratios of the traveling
wave’s electric field at the port of interest to the input wave’s
electric field) over the frequency range of 8.5 to 11.5 GHz was
obtained in both the simulation and measurement.
A tapered transition between the -plane bend coupler and
the disk-loaded circuit has been designed with the HFSS code
to avoid the mismatch from an abrupt entrance to the disk
circuit. The seven-section transition is shown in Fig. 11. The
width of the disks is tapered with a cosine-squared profile
and it was also found necessary to taper the period by
10%. As shown in Fig. 12, the return loss of the transducer
is predicted by HFSS to be greater than 23 dB over the
amplifier’s operating bandwidth of 9.4–11.5 GHz.
As in the dielectric-loaded device, an identical coupler and
transition are also used to extract the amplified wave from
the interaction circuit. This arrangement allows the output
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Fig. 11. Three-dimensional view of the seven-section transition from un-
loaded rectangular waveguide to the disk-loaded waveguide.
Fig. 12. Bandwidth of the S-parameters, S11 and S12, from HFSS for the
seven-section disk-loaded transition.
wave to be separated from the electron beam. The predicted
minimum round trip return loss of 35 dB for the circuit from
the couplers and transitions will allow a maximum stable
amplifier gain exceeding 30 dB. As in the dielectric-loaded
device, an electrically isolated current collector is placed after
the output coupler and immediately terminated with a 50-
load for the measurement of the spent electron beam.
The 95-kV 5-A electron beam to drive
the disk-loaded gyrotron amplifier will be supplied by the
single-anode Scandate-cathode MIG gun that was used in
the previous dielectric-loaded gyro-TWT experiment [12]. By
comparing the measured bandwidth in that experiment with
the bandwidth predicted by the large-signal simulation code,
the axial velocity spread of the beam was inferred to be
%. A magnetic compression ratio of 4.3 after the
MIG results in a guiding center radius of 2.5 mm in the circuit
and an electron Larmor radius of 1.7 mm. The interception of
the electron beam by the disk-loaded circuit should not be a
problem since the height and width of the beam channel are
larger than in the dielectric-loaded circuit which exhibited a
beam transmission of 95%. The new channel width and height
of 1.27 cm are larger than the previous values of 1.13 and
1.11 cm, respectively.
V. SUMMARY
The design for an all-metal CW-capable disk-loaded wide-
band gyro-TWT has been presented that is predicted to gener-
ate an output power of 55–75 kW with 30-dB gain over a 20%
bandwidth. This -band amplifier will be driven by a 95-kV
5-A electron beam with and % and
has been designed such that the experimental components from
a previous experiment can be used with minimal modifications.
The proof-of-principle experiment will use the 0-dB -plane-
bend couplers and MIG gun from the recent dielectic-loaded
wideband gyro-TWT experiment. A disk-loaded tapered tran-
sition has been designed with a minimum in-band round trip
return loss of 46 dB. The low dispersion of the disk-loaded
rectangular waveguide circuit is predicted by an analytical
theory and verified by the eigenmode algorithm of the PIC
code, MAGIC, and the electromagnetic design code, HFSS.
APPENDIX
The orthogonal modes in a corrugated waveguide are clas-
sified as TE and TM modes, respectively, depending on
whether they have a magnetic or electric field component
in the transverse -direction. Only the field analysis for the
TE modes, where is odd, will be presented here. It is
straightforward to extend this analysis to other orthogonal
modes.
In region I, where , the electric field satisfies the
periodic condition
(A.1)
as does the magnetic field. The fields also satisfy the bound-
ary condition that the tangential electrical field and normal
magnetic field vanish at for , i.e.,






is the free-space propagation constant in terms of the wave






494 IEEE TRANSACTIONS ON PLASMA SCIENCE, VOL. 26, NO. 3, JUNE 1998
where , and
.
The expansion coefficients for the fields can be determined
by matching the tangential fields at the boundary between
region I and region II. Continuity of gives
(A.8)







for and . Similarly,








By substituting (A.14) and (A.15) into (A.9), one then
obtains the following set of equations for the
unknown coefficients :
(A.16)
The dispersion relation for the corrugated circuit waveguide is
given by the vanishing of the -order determinant for
the above matrix. The solution from solving the above equation
becomes more accurate as and approach infinity, but
the solution that had been shown in Fig. 9 to give excellent
agreement with the two codes, MAGIC and HFSS, used
and .
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